The glycosphingolipids (GSL) and other major lipid classes were studied in cultured fibroblasts from a family with familial hypercholesterolemia. The GSL content in cells grown in medium containing fetal calf serum was increased 5-fold in the homozygote and 2-to 3-fold in both heterozygous parents. Cell surface labeling experiments, using the membrane probe galactose oxidase followed by reduction with KB3H4, showed an increased incorporation of 3H by the homozygous cells into GL4 (4-fold), GM3 (2-to 3-fold), and GL3a and GD3 (1-to 2-fold); the amount of 3H incorporated by the heterozygous cells was in between that of the homozygous and normal fibroblasts. The specific radioactivity of each of the GSL, except GL2a, was lower in the mutant cells. This unlabeled pool of GSL may be buried in the membrane matrix (less exposure), or located intracellularly, or both. The phospholipids were most markedly elevated (3-fold) in homozygous cells, with a disproportionate increase in phosphatidic acid and sphingomyelin (5-to 6-fold). The content of the GSL, except GL2a, and of the phospholipids was reduced about one-half in the homozygous fibroblasts grown in lipoprotein-deficient medium for 24 hr; by 5 days the GSL content was reduced to only 1.3 times normal and phospholipids to below normal. Incubation of normal fibroblasts in lipoprotein-deficient medium 24 hr had no effect on the GSL or phospholipid content; at 5 days, there was a 50% increase in both GL3a and GL4 with a 25% increase in GM3; there was no change in the phospholipid content. These data suggest that the defective regulation of lipid metabolism in this syndrome may be more extensive than previously realized.
Familial hypercholesterolemia (FH) is a disorder of lipid and low-density lipoprotein (LDL) metabolism which is inherited as an autosomal dominant trait and associated with premature atherosclerosis (1, 2) . Goldstein and coworkers (3) have demonstrated a lack of functional LDL receptors (receptor-negative) or an alteration in the LDL receptors (receptor-defective) on the cell membrane of cultured fibroblasts from patients with FH. This inability to bind LDL is associated with several abnormalities of lipid and lipoprotein metabolism, which include a lack of feedback inhibition of the rate-limiting enzyme of cholesterol biosynthesis, hydroxymethylglutaryl-CoA reductase (NADPH) [mevalonate:NADP+ oxidoreductase (CoA-acylating), EC 1.1.1.34], decreased conversion of cholesterol to cholesteryl ester, and deficient proteolysis of LDL (4) . The moAbbreviations: GSL, glycosphingolipid(s); FH, familial hypercholesterolemia; Neu, neuraminic acid; Cer, ceramide; GM3, [AcNeu-a- lecular basis for the inability of the surface of these cells to bind LDL is unknown.
Altered levels of glycosphingolipid(s) (GSL) in cultured cells have been demonstrated in viral and neoplastic transformation (5) , upon cell-cell contact (5) or cellular adhesion (S. Chatterjee and C. C. Sweeley, in preparation), with altered cell density (6) , during the cell cycle (7) , and in several lipid storage diseases (8, 9) . These studies suggest that changes in the GSL profile of cultured cells may reflect important phenotypic changes or events associated with altered cellular functions. These functions include serving as specific membrane receptors (10, 11) . We have investigated the cell surface GSL of fibroblasts from a family with FH, employing the membrane probe galactose oxidase (GAO) (12, 13) . The other major lipid classes in the cells have also been studied and included for comparison with the GSL analyses.
MATERIALS AND METHODS Materials. GAO Patient Population. Skin biopsies were obtained from the forearm of T.B., a 5-year-old girl with homozygous FH (planar xanthomas since the age of 2 years and total plasma cholesterol of 900 mg/dl) and both heterozygous parents (K.B., 23-year-old woman and S.B., 26-year-old man). The parents, maternal grandfather, and paternal grandmother each had total plasma cholesterol levels above 300 mg/dl. Normal human skin fibroblasts were obtained from the foreskin of a healthy newborn boy at the Johns Hopkins Hospital. The biochemical characterization of these fibroblasts will be reported elsewhere (S. Chatterjee, L. Ose, and P. Kwiterovich, in preparation) but is summarized as follows. T.B. was classified as a "receptor-negative" homozygote based on the four biochemical criteria of Brown and Goldstein (4) . The abnormalities in the parents' fibroblasts were intermediate between those of the homozygote and the normal control values.
Cell Culture. Fibroblasts were cultured in medium containing 12% fetal calf serum (FCS) in 75 cm2 plastic flasks (Falcon no. 3024) at 370 in an incubator in 5% CO2 and 95% air. The cultures were initiated with approximately 1 X 106 cells per flask, and grown to a confluent monolayer. The medium was removed and the monolayers were washed with 40 volumes of PBS, harvested with a rubber policeman in 10-15 ml of the 4339 Glycosphingolipids (GSL) were isolated from fibroblasts grown in tissue culture medium supplemented with 12% fetal calf serum or 5% lipoprotein-deficient serum (see Materials and Methods). The quantities of the purified GSL were determined following acid-catalyzed methanolysis and gas-liquid chromatography of trimethylsilyl-methyl glycosides, using mannitol as an internal standard (7) . All analyses were performed in triplicate.
same buffer, and centrifuged at 1000 X g for 15 min at 250. The cell pellet was rewashed with PBS and then resuspended in 1 ml of fresh PBS. Approximately 1 X 108 cells (50 mg of protein) were used for the experiments described below. The protein content of fibroblasts from patients with FH was the same as that of control cells.
Normal and homozygous fibroblasts (10 to 15 flasks) were also grown for 7 days as described above, the medium was removed, the monolayers were washed twice with sterile PBS, and 25 ml of medium containing 5% lipoprotein-deficient (LPD) human serum was added to each flask. LPD plasma was prepared by differential ultracentrifugation of plasma with density adjusted to 1.25 g/cm3 with KBr (14) , washed twice, and dialyzed against distilled water. The LPD plasma was defibrinated with thrombin (20 units/ml) and the clot was removed after incubation at 370 for 10 min; the preparation was then centrifuged for 1-2 hr at 30,000 X g and the clear supernate (LPD serum) was used. Cells were incubated for 24 hr and 5 days in 5% LPD medium and harvested as described above.
Lipids were also extracted from the LPD medium at 5 days (10 flasks or approximately 250 ml) with methanol; the extract was taken to dryness under nitrogen, and the major lipid fractions were isolated as described below.
Isolation and Quantitation of Glycosphingolipids and Other Lipid Classes. Lipids were extracted from cell pellets and partitioned into upper and lower phases by a modification (15) of the method of Folch et al. (16) . The upper phase was dialyzed against water and the gangliosides were separated by thin-layer chromatography (TLC) and quantified by gas-liquid chromatography (15) . The lipids in the lower phase were dried under nitrogen, dissolved in chloroform (0.5 ml), and separated by silicic acid column chromatography into three major fractions which contained the neutral lipids, the GSL, and the major phospholipids (7). The neutral lipids and GSL were separated by TLC (7) , visualized by mild exposure to iodine vapor, and the zones corresponding to the standards were scraped, eluted with methanol (3-5 ml), and identified by both colorimetric (17) and gas-liquid chromatographic (7) techniques. The phospholipids were separated by two-dimensional TLC (7) , and the zones corresponding to the standards were scraped, eluted with methanol (3-10 ml), and dried under nitrogen. The individual phospholipids were then dissolved in chloroform: methanol (2:1 vol/vol) and aliquots were taken for determination of phosphorus using the method of Bartlett (18) . Phospholipid content was calculated by multiplying the phosphorus value by 25. Cell (Table 1A ). The two hetero- Normal human fibroblasts, grown in media with 12% fetal calf serum, were treated with or without galactose oxidase and then subjected to reduction with potassium borotritiide. GSL were isolated and subjected to acid-catalyzed methanolysis (7) (see Materials and Methods). Methyl glycosides, methyl sphingosine, and fatty acid methyl esters were isolated by extraction of the total hydrolysate with solvents as described previously (7) . Radioactivity was measured in triplicate in aliquots of these extracts.
zygotes had a 2-to 3-fold increase in these lipids. The elevated GSL were distributed equally among all the neutral GSL and gangliosides except GL2a, which was not changed. The cellular content of each GSL except GL2a was reduced approximately one-half in the homozygous fibroblasts grown in LPD medium for 24 hr (Table 1A and B). These reduced levels were still 2-to 3-fold higher than those found in the normal fibroblasts, whose GSL content was unchanged after 24 hr in LPD medium. After 5 days, the GSL in the homozygous cells were reduced an additional 25%, except GL2a, which remained unchanged; the total GSL content was only 1.3 times that in the normal, an increase which primarily resided in GLia, GL4, and GM3. After 5 days in LPD medium, both GL3a and GL4 increased in normal fibroblasts by 50% and GM3 by 25%; the total GSL content increased 34%. The levels of GLia, GL2a, and GD3 were essentially unchanged in the normal cells regardless of whether they were grown in FCS-supplemented or LPD medium for 24 hr or 5 days (Table 1A and B).
The incorporation of tritium into the hexose, sphingosine, and fatty acid moieties of the GSL of normal fibroblasts, before and after treatment with GAO, is summarized in Table 2 . There was a marked increase in the incorporation of KB3H4 in the hexose moiety of GL3a (30-fold), GL4 (87-fold), GM3 (82-fold), and GD3 (40-fold) following treatment with GAO. There was no increased incorporation of tritium into the terminal galactose of GL2a. Most of the GLia was not susceptible to oxidation with GAO since more than 90% of its hexose moiety was glucose rather than galactose. Some incorporation of tritium into the fatty acid and sphingosine moieties of the GSL occurred through the reduction of their unsaturated bonds. Homozygous cells had an increased uptake of label into the hexose moiety (Table 1A) , there was a moderate decrease in the total specific radioactivity for each GSL except GL2a (Table 3) . [12] and female [9] Phospholipids were isolated from fibroblasts grown in medium supplemented with 12% fetal calf serum (see Materials and Methods). The phospholipid fraction was separated from the total lipid extract by silicic acid chromatography (7), and an aliquot was taken to determine the total phospholipid phosphorus. The remainder of the fraction was used to separate the individual phospholipids by two-dimensional TLC (see Materials and Methods). The percent recovery following TLC ranged from 78.3 to 83.4%.
All analyses were performed in triplicate. The abbreviations used for the phospholipids are: PA, phosphatidic acid; PC, phosphatidyl choline; PE, phosphatidyl ethanolamine; PI, phosphatidyl inositol; PML, plasmalogen; SPH, sphingomyelin. dium for 24 hr or 5 days was 140.0 or 149.8, similar to that of fibroblasts grown in medium supplemented with FCS (Table  4) . This was in marked contrast to the homozygote cells, where the total phospholipid content decreased almost 50% to 260.0 after 24 hr in LPD medium; by 5 days the level had fallen to 106.4.
Only trace amounts of GSL were present on TLC of the entire GSL fraction, isolated from LPD medium of the cultures of normal cells at 5 days (see Materials and Methods). Significant quantities of GSL were present in an equivalent amount of medium from the cultures of the homozygous cells; the predominant GSL were GLia, GLa, GL4, and GM3, with traces of GL2a. The contents of total cholesterol and phospholipid in the entire medium from the cultures were, respectively: normal, 1.25 and 1.20 mg; homozygote, 1.20 and 0.90 mg. DISCUSSION Significant differences in GSL levels were observed between homozygous, heterozygous, and normal fibroblasts grown in medium containing 12% FCS. These differences were not likely due to environmental influences, since all the cells were grown in the same tissue culture medium, in which FCS provides at the most only 10-15% of the total cellular GSL (8) . The GSL content in our normal cells, derived from newborn foreskin, agreed well with that previously found in fibroblasts obtained from skin biopsies (8) . The total increase in the GSL therefore is probably the result of a regulatory defect of either increased cellular biosynthesis or decreased metabolism or altered membrane turnover. Stein and coworkers (22) found in their homozygous cell line that confluency was reached at a lower cell number, suggesting that the homozygous fibroblasts occupy a larger area and that the proportion of cellular protein derived from the plasma membrane is increased. The cell number to protein ratios of our normal and homozygous fibroblasts, however, were very similar and both cell lines achieved confluency at similar times. The reason why the levels of GL2a were unchanged in the mutant cells is unclear. Since GLa has a pivotal position in the metabolic pathway of GSL of human fibroblasts (8) , there may exist an increased conversion of GL2a to the other GSL in FH. Molar ratios of the hexose, sphingosine, and fatty acid components of the GSL, from both our normal and mutant fibroblasts, were similar to those previously found in normal human fibroblasts, human plasma erythrocytes, and other tissues (18, 23, 24) . The precise sequence and nature of the glycosidic linkages in the normal and abnormal cells was not determined and the possibility that the GSL in the mutant cells may have an abnormal structure has not been excluded. Finally, the relevance of similar increases (4-to 5-fold) in the GSL carried per mole of LDL in a homozygote with FH (25) to these data from the fibroblasts is unknown.
After 24 hr in LPD medium, there was a remarkable decrease in the homozygous fibroblasts in all the GSL except GL2a and by 5 (25) and may conceivably participate in feedback control of the glycosyl transferases. The moderate increase in the levels of GSL in normal cells after 5 days in LPD medium resided in GLa, GL4 and GM3, the three GSL that also had the greatest incorporation of 3H into their hexose moieties after treatment with GAO. Their increase may therefore indicate a postconfluent extension of the glycosyl residues of the oligosaccharide backbone of the GSL, or decreased membrane turnover, as previously suggested for confluent mouse fibroblasts in culture (27) .
At least four GSL appear exposed on the cell surface of normal and mutant fibroblasts. GL2a took up very little label, an observation similar to that in BHK and NIL cells (12) and red blood cells (13) . Erythrocytes also do not react with an antibody against GL25 (28) . GL2a probably does not extend enough to be accessible to GAO or it may primarily have an intracellular distribution. Finally, the treatment of these cells with GAO was associated with a greater exposure of the sphingosine and fatty acids to nonspecific incorporation of tritium. The differences between the relative changes in the incorporation of the label by these components of GSL suggested that sphingosine is exposed to a greater extent than the fatty acids, whose nonpolar end group may be buried in the membrane matrix.
Although the mutant cells had an increase in labeling of surface GSL, the specific radioactivities of the GSL were lower than those of the normal cells. The pool of unlabeled GSL in the mutant cells might be explained by abnormal increases in both the surface and cellular GSL, in which the accumulation of cellular GSL is disproportionately larger than that on the surface. Alternatively, surface GSL might account for most of the increase in GSL, leading to an absolute increase in labeling, but with significant amounts buried in the cell membrane and therefore less exposed to GAO. As further evidence of a generalized abnormality in the carbohydrate-containing molecules on the cell surface in FH, we have also observed distinct alterations in the glycoproteins on the cell surface of mutant fibroblasts (29) .
The relationship of the increased phospholipid content in the FH cells to the GSL changes is not presently well understood. The decrease by 24 
